Sparse-view x-ray computed tomography (CT) imaging still is an interesting topic in CT field. In this paper, a new iterative image reconstruction approach for sparse-view CT with a normal-dose image was presented. The proposed cost-function which is under the criteria of penalized weighed least-square (PWLS) for CT image reconstruction mainly contains two terms, i.e., fidelity term and prior term. For the fidelity term, the weights of weighed least-square term are determined by considering the relationship between the variance and mean of the projection data in the presence of electronic background noise. For the prior term, a normal-dose image induced total variation (ndiTV) prior is proposed as an extension of the PICCS algorithm introduced by Chen et al 2008, which can relieve the requirement of misalignment reduction of the PICCS algorithm. For simplicity, the present approach is referred to as "PWLS-ndiTV". Qualitative and quantitative evaluations were carried out on the present PWLS-ndiTV approach. Experimental results show that the present PWLS-ndiTV approach can achieve significant gains than the existing similar methods in noise and artifacts suppression.
INTRODUCTION
Radiation exposure increasing has caused significant concerns in x-ray computed tomography (CT) field. Low-dose CT imaging is clinically desired. It is known that reducing the number of projections per rotation around the body [1, 2] may be an direct and easy way for dose reduce, the associative image quality will be unavoidably deteriorated due to the sparse data measurements if no adequate data noise controlling in image reconstruction. However, due to the data inconsistency of sparse-view CT measurements, the conventional filtered back-projection (FBP) method cannot yield high-diagnostic CT images.
To solve this problem, many total variation (TV) based algorithms were proposed [3, 4, 5] . Chen et al (2008) proposed a method called prior image constrained compressed sensing (PICCS) for sparse angular CT image reconstruction wherein the objective function optimization considers both the prior image and to-be-reconstructed one in each iteration [6] . The PICCS method has demonstrated the potential for dose reduction in CT from sparse angular CT measurements [7, 8] . However, it is worth to note that the PICCS algorithm should be under an assumption, i.e., the motion between the prior image and to-be-reconstructed one is not noticeable. However, in practice, the mismatched tissues are unavoidable between the prior image and to-be-reconstructed one [9] and it is inevitable that the to-bereconstructed image would be influenced by the mismatched tissues in the priori image with some noticeable artifacts. To address this issue, in this paper, we proposed a normal-dose image induced total variation prior (ndiTV) under the penalized weighted least-square (PWLS) criteria [10] , which was named as "PWLS-ndiTV" for simplicity. Specifically, the ndiTV prior was adapted from the PICCS approach by incorporating the ndiNLM implementation in the PICCS algorithm [11] . The novelty of the present PWLS-ndiTV approach is that the ndiTV prior can explore the extensively similar information in the pre-scanned normal-dose image by using optimized ndiNLM weights, which relaxes the need of for accurate image registration via its patch-based search mechanism as compared to the PICCS algorithm. Qualitative and quantitative evaluations were carried out on the present PWLS-ndiTV approach. The results show that the present PWLS-ndiTV approach can achieve significant gains than the existing similar methods in noise and artifacts suppression.
METHODOLOGY

CT imaging model
Without loss of generality, under the assumption of mono-energetic beam, the x-ray CT measurement can be approximately expressed as a discrete linear system:
where y represents the obtained sinogram data (projections after system calibration and logarithm transformation), i.e., 1 2 ( , ,..., )
T M y y y y = , μ is the vector of attenuation coefficients to be estimated, i.e., 1 2 ( , ,..., )
T N μ μ μ μ = , where 'T' denotes the matrix transpose. The operator H represents the system or projection matrix with the size of M N × . The element of H denotes the length of intersection of projection ray i with voxel j . In our implementation, the associated element was pre-calculated by a fast ray-tracing technique stored as a file. The goal for CT image reconstruction is to estimate the attenuation coefficients μ from the measurement y with H .
PWLS criteria forCT image reconstruction
Mathematically, the PWLS criterion for CT image reconstruction can be rewritten as follows [10] :
where H represents the system or projection matrix, y represents the obtained sinogram data. ( ) R μ is the penalty term. Σ is a diagonal matrix with the i th element of 2 i σ which is the variance of sinogram data y . In the implementation, the variance of 2 i σ was determined by the following mean-variance relationship proposed by Ma et al [12] :
where 0 I denotes the incident X-ray intensity, i p is the mean of the sinogram data at bin i and 2 e σ is the background electronic noise variance.
Overview of the present ndiTV prior
For the design of the prior term in (1), we proposed a normal-dose image induced total variation prior, named as "ndiTV", which is defined as follows:
where the term TV is defined as follows:
here s and t are the indices of the location of the attenuation coefficients of the desired-image. δ is a small constant used for keeping differentiable with respect to the image intensity. [0, 1] α ∈ is the relative weight of the two terms in the objective function. And the term ndiNLM μ denotes the ndiNLM filtering [11] , which is defined as follows: Finally, the cost-function of present PWLS-ndiTV was written as follows:
In the implementation, for minimizing (8), a modified gradient descent algorithm was used in this paper [13] .
(a) (b) Figure 1 . Two modified Shepp-Logan phantoms used in the studies. (a) the pre-contrast unenhanced phantom; (b) the phantom wherein motion and enhancement were designed. All the images are displayed in a same window.
RESULTS
To validate and evaluate the performance of the present PWLS-ndiTV method, the PICCS approach was also carried out under the PWLS criteria for comparison, which is referred to as the PWLS-PICCS method in this paper. By incorporating the noise model described in equation (3), the objective function of the PWLS-PICCS approach can be written as follows:
where Σ is a diagonal matrix with the i th element of 2 i σ which is estimated in equation (3). β is a hyper-parameter for controlling the strength of prior term as a penalty. piccs ( ) R μ denotes a PICCS prior term, which is defined as follows [6] :
where the term TV denotes the total variation operator which is defined in equation (5) and nd μ denotes the prior-image.
[0, 1] α ∈ is the relative weight of two terms.
Two modified 2D Shepp-Logan phantoms are demonstrated in figure 1 . Figure 1(a) represents the pre-contrast unenhanced CT image, which was used for simulating the normal-dose prior-image. Figure 1(b) represents the corresponding enhanced image wherein three small bright regions as indicated by the arrow with dashed-line denote the enhanced tissues. An object motion is also included in this phantom as indicated by the arrow with solid-line in figure  1 (b) compared with figure 1(a). Each phantom is composed by 512 × 512 square pixels with the intensity value from 0 to 130. The size of each pixel is 1.25 mm ×1.25 mm. We chose a geometry that was representative for a monoenergetic fan-beam CT scanner setup with a circular orbit to acquire 1160 views over 2π. The number of channels per view was 672. The distance from the rotation center to the curved detector is 570 mm and the distance from the X-ray source to the detector is 1140 mm. Each projection datum along a X-ray through the sectional image is computed based on the known densities and intersection areas of the ray with the geometric shapes of the objects in the sectional image.
For the noisy projection data, similar to the study [14] , after calculating the noise-free line integral y as a direct projection operation based on model (1), the noisy measurement i b at each bin i was generated according to the statistical model of pre-logarithm projection data: 2 0 Poisson( exp( )) Normal(0, )
where 0 I denotes the incident x-ray intensity and 2 e σ is the background electronic noise variance. In this study, the xray exposure level 0 I was set to 3.0×10 5 and 2 e σ was set to 10 for normal-dose scan simulation. The noisy measurement i y was calculated by performing the logarithm transform on i b . For the sparse-view projection data, they were generated by under-sampling the 1,160 views of normal-dose simulation to only 25 views evenly over 2π. ) approaches, respectively. To further demonstrate the performance of the PWLS-PICCS and PWLS-ndiTV approaches, an interest of region (ROI) was zoomed and displayed in the bottom right corner of figure 2(e) and (f), respectively. It can be clearly seen that the PWLS-ndiTV achieves remarkable gains than the PWLS-PICCS in terms of maintaining the desired ROI structure information. In other words, the PWLS-ndiTV can reduce the influence of prior-image in image reconstruction as comparison with the PWLS-PICCS. Furthermore, figure 3 displays the profiles of different results at different locations. It can be observed that the profiles of the PWLS-ndiTV method match well with that from the ground truth. The results indicate that the gains from the PWLS-ndiTV are more noticeable than those from the PWLS-PICCS. 
CONCLUSION
In this work, we have presented a PWLS-ndiTV approach for sparse-view image reconstruction with a normal-dose image. Specifically, the weights of WLS term were estimated by the nonlinear relationship between the variance and mean values of the projection data, and a new ndiTV prior term was designed which can relieve the requirement of misalignment reduction of the PICCS algorithm introduced by Chen et al 2008.
The preliminary experimental results demonstrate that the present PWLS-ndiTV approach can achieve significant gains than the PICCS approach by visual inspection. More studies are going on in our group.
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